Introduction
According to the Major Accident Reporting System (MARS), the accident database assembled by the Major Accident Hazards Bureau, a crack occurred in the bottom plate of an above-ground oil tank in Italy in May 2006 resulting in a leakage of approximately 22,000 tons of crude oil. The tank was built 40 years ago, and the bottom plate was replaced 20 years after construction of the tank. At each opening of the tank, inspectors carried out internal inspections and planned programs for reconstruction or repair.
The details of the leakage are not clear, and whether the crack was caused by corrosion of the tank bottom plate or by inappropriate inspection remains under investigation. The incident report 1) recommends that preventative inspection of all tanks using AE and investigation of the structural state of the tanks should be performed.
Self-maintenance engineering has been implemented in Europe and the United States, where AE is generally used for evaluating corrosion damage of the tank bottom plate in service. The French petroleum institution established guidelines for the inspection and maintenance of cylindrical storage tanks in September 2000. The appendix 2) in the guidelines for illustrates the recommended practice for the application of AE to evaluating the extent of leakage and corrosion. Currently, European and US plants apply the results of AE measurement to the maintenance plan for tanks to be inspected. In fiscal year 2010, the Japan Petroleum Energy Center (JPEC) conducted research 3) on the turnaround of the tank bottom plate in Europe and the United States. The research indicates that the selfturnaround of such tanks is normally about 20 to 30 years, which is longer than the period of about 10 years between internal inspections in Japan, according to JPEC's research data collected from 83 tanks in domestic refineries. Therefore, the introduction of risk as-
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The High Pressure Institute of Japan established the domestic technical guidelines related to AE (HPIS 4) ) in May 2005. HPIS describes the procedure to evaluate corrosion damage of a tank in service based on the database showing the correlation between AE activity obtained by AE measurement, and the parameter corresponding to corrosion growth rate in a tank bottom plate evolving toward corrosion wastage, which is obtained by statistical processing of measured data according to the legal requirements. The AE data is obtained by measurements from several AE sensors attached at regular intervals on the sides of the tanks, as in the method used in Europe and the US, from which the AE activity is derived. Evaluation of corrosion is calculated from the correlation of AE activity and the plate thickness data of the tanks, measured at locations with separation distances of 1 m for bottom plates and 0.5 m for annular plates on the tanks. However, measurements of annular plates have an unsolved issue with the quantification of the corrosion rate among all tanks, and incorrect evaluations based on inaccurate data are known.
The present study conducted extensive research on tanks at local plants from fiscal year 2008 to fiscal year 2011 to establish a screening technique to decide the priority in maintenance engineering, and to establish a method for residual life prediction in the AE global diagnostics. The verification testing procedure adopted an improved AE technique which measures the annular plates of the tanks, in contrast to the previous method of measuring the side plates of the tanks based on HPIS. The data was obtained by this improved AE method was verified by comparison with the available plate thickness data obtained with UT instruments introduced during recent years, which enables the measurement of the plate thickness of bottom and annular plates with an accuracy of a few millimeters.
Experiments
The list of tank samples used for the measurements with the AE technique is given in the Improved AE Method The conventional method of measurement of side plates based on HPIS assumes the corrosion rate under maintenance control using the relationship between the AE activity obtained by measuring for one hour valid time and the corrosion risk parameters (CRPs) calculated from the plate thickness data. Some plate-thickness data measured with HPIS established in 2005 included data with low density (i.e., limited number of plate thickness measurements), in which the minimum plate thickness was not always included, which may result in poor accuracy of CRPs. Additionally, since adequate accuracy was not ensured in the noise removal method with AE measurement, the resultant evaluation was unreliable.
The improved AE method provided AE data using a simultaneous measurement technique combined with the side plate and annular plate method, facilitated noise removal, and improved the location accuracy of the origin of corrosion.
UT was used to obtain the plate thickness data, which measured the minimum plate thickness with high accuracy.
1. Specification and Arrangement of AE
Sensors and AE Measurement Equipment The specification and the arrangement of the sensors and measurement equipment used in the experiments are shown in Fig. 1 .
The placement of the AE sensors complies with the principles prescribed in HPIS. AE sensors are positioned as a circle around the side plates and annular plates, located on the same plane parallel to the hori- zontal direction of the tank base. The number of AE sensors depends on the size of the tank. The AE sensors are located on the side plates and annular plates at regular intervals. The lower circle of sensors on the side plates is located at a height of 1.5 meters on the bottom side plates, and the second circle of sensors on the side plates vertically and coaxially above the first sensors. The purpose of two circles of sensors on the side plates is to remove AE signals caused by condensed drops on the roof of the tank falling on the fluid surface. The sensors on the annular plates are arranged vertically below in the same linear arrangement as the sensors on the side plates. The surface of the plates is ground smooth to ensure consistent contact with the sensors.
The AE system is set up inside the maintenance vehicle parked outside the tank containment and is connected by a coaxial cable with the AE sensors placed on the tank.
1. 3. Methods of Noise Removal
AE measurement detects not only AE signals generated by corrosion at the bottom of the tank, but also many different types of noise signals. Therefore, it is very important to carefully observe the wave patterns of AE signals to allow the removal of noise interference for accurate evaluation. The typical methods used for noise removal are summarized below.
Method 1: Analysis of signal history
This method uses time-series graphs of AE hits, AE amplitude, and so on, and analyzes the signal history with a time-series graph of wind velocity data. This method is suitable for the removal of noise, with specific frequency, specific period of time, noise from connecting pipes, wind noise, sounds of birds touching or perching on the tank, and so on. Method 2: Specification of source location 7) This method removes drop noise by specifying the source location with the two levels of sensors on the side plates of a cone roof tank or dome roof tank. Drop noise is the noise that caused by condensation on the internal roof of the tank falling on the bulk liquid in the tank. Method 3: Recognition of signal wave patterns 8) This method treats the wave shape of noise signals by pattern recognition, and removes noise that is markedly different to the predominant signals caused by corrosion, such as drop noise and electrical noise as typical examples. In this method, the noise is automatically removed by programming the AE system to recognize signal wave patterns. The shape of noise signals may be lost by reflection against the side plates and bottom plates under certain conditions and appeared to be the predominant signals. Therefore, AE measurement engineers must interpret and evaluate signal wave patterns 9) .
Relationships between CRPs and AverageMaximum Corrosion
HPIS describes the relationship between AE activity and CRP. The former is obtained by AE measurement and the latter is derived from the plate measurement data obtained during engineering maintenance, based on the concept of fractal-analysis (for the calculation of CRP, please refer to HPIS ANNEX4(2) and ANNEX-45(2)). 
Corrosion Damage Evaluation of the Bottom
Plate of Tank in Service Figure 3 shows the relationship between AE activity calculated with the side plate methods and the AverageMaximum Corrosion Rate using the three types of noise removal methods described above. Clearly AE activity tends to increase if the corrosion rate is equal to or greater than 0.07 mm, and there is a very good correlation between 0.07 mm/year and 0.12 mm/year.
1. Evaluation of AE Activity with the Side Plate Method

2. Estimated Corrosion Rate at Engineering
Maintenance Figure 4 shows the procedure for corrosion damage evaluation of the tank bottom plate, using the AE method as used in the recommended practice 10) . Tank users may apply an assumed corrosion rate for tank operation considering safety factors, operating environments, and repair history, etc., against the average-maximum corrosion rate estimated from AE activity. If the estimated corrosion rate for the tank operation is determined to be high, checks of the condition of the tank bottom plates are recommended at engineering maintenance. Figure 5(b) shows the results of location estimation after noise removal processing, obtained by AE measurement for about 5 hours. Figure 5 (a) also shows the tank bottom plate-map on which only the positions of plate-thickness reduced by more than 1 mm are plotted for the same tank, based on the plate thickness measuring data with UT at the time of overhaul before the AE measurement. Cluster processing was used to identify the sites where the estimated AE hits are concentrated. Cluster processing groups the estimated AE hits within a circle with a diameter of less than 10 % of the targeted tank radius the error of position estimation is less than 10 % of the tank radius and shows the AE hits in a color-coded circle by the number of AE signals. The position of corrosion sites can be identified from the estimated AE locations by the annular method, since the locations of concentrated AE matched many locations of corrosion wastage occurrence. Also, AE derived from corrosion is not always generated within a constant time but a certain time period based on the measurements of many tanks with AE. Therefore, tanks with strong corrosion have many continuous AE detections due to overlapping AE, whereas tanks with weak corrosion have few AE detections and cannot be measured within a certain time period.
3. Evaluation of Corrosion Origin with the Annular Plate Method
Conclusions
Evaluation of corrosion at the bottom of tanks in service or under maintenance was investigated by collecting the data obtained with the AE Method and UT. We compiled our findings and created the recommended practice for AE diagnostics, which can be used for maintenance engineering in tanks at refineries. The main findings are listed below.
(1) We found a good correlation between AE activity and the average-maximum corrosion rate which was calculated from the plate thickness data on 15 tank samples, by using simultaneous measurements with the side (2) We found a good correlation between CRP and AE activity, and a strong correlation between the averagemaximum corrosion rate and CRP. Based on such findings, we created a calibration curve showing the correlation between the average-maximum corrosion rate and AE activity, and compiled recommended practices for tank users in corrosion damage evaluation. The AE technique is expected to provide enhanced accuracy of evaluation based on compiling more data in the future, on the basis of the high accuracy of measurement. We hope that future use of this practice will contribute to the recognition of corrosion risk in service, improvement in the safety of tanks, and efficiency in engineering, such as prioritization of engineering, preparation for replacement of tank bottom plates, implementation of engineering plans, and so on. 
